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SUMMARY 


A study is being made of the severe time -dependent edge -notch 
sensitivity known to occur at 900 °to 1300°F (482° — 704 °C) for 

superalloy sheet materials. An investigation utilizing Waspaloy, to 
a great extent, established the scope and cause of the problem (ref. 1). 
Presently reported are results of experiments primarily directed 
at determining whether the concepts developed also apply to Inconel 718. 

Heat treatment variations of 0. 030 -inch (. 75mm) thick Inconel 
718 sheet were used to provide a range of mechanical characteristics 
and mic rostructural features. Tensile and creep -rupture tests were 
conducted at temperatures from 900° to 1400°F (482 -760°C). The 
microstructural features were evaluated for the as -heat treated 
material and for tested specimens. 

Most important, the results showed that the time -dependent 
notch sensitivity of Inconel 718 could be correlated to the same mech- 
anical characteristics and similar microstructural features as evident 
for Waspaloy. This would suggest even wider applicability of the re- 
sults . 

Necessary conditions for time -dependent notch sensitivity were 
(i) the notched specimen loads had to be below the approximate 0. 2 per- 
cent smooth specimen offset yield strength; and (ii) test data from 
smooth specimens had to indicate that small amounts of creep used 
up large fractions of rupture life. 

Time -dependent notch sensitivity was observed at test tempera- 
tures from 900° to 1200°F (482 -649°C). Decreasing the solution 
temperature or increasing the time and/or temperature of the aging 
treatment decreased the susceptibility to time -dependent notch 
sensitivity. 

Variations in heat treatment and test conditions influenced the 
dislocation motion mechanism. Ni^Cb(bct) particles (and gamma prime) 
smaller than a "critical size" were sheared by dislocations. This 
gave rise to localized deformation and time -dependent notch sensitive 
behavior. Larger particles were by-passed by the dislocations and the 
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deformation was homogeneous. Under these conditions, no time - 
dependent notch sensitivity was observed. 
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INTRODUCTION 


The results presented were derived from a current study being 
made of the severe time -dependent edge -notch sensitivity that has 
been observed for nickel -base superalloy sheet materials at tempera- 
tures from 900° to 1300°F (482 - 704°C). The research was carried 
out at The University of Michigan, Ann Arbor, Michigan, under 
sponsorship of the National Aeronautics and Space Administration. 

Extensive research (ref. 1 ). established the scope and the cause 
of the problem for Waspaloy. In addition, heat treatments were 
defined which eliminated the time -dependent notch sensitivity. Con- 
tinuing research is directed at broadening the applicability of the 
concepts developed for Waspaloy. To achieve this, the study is being 
extended to include other alloys. The results reported are those 
obtained for Inconel 718, the composition of which differs considerably 
from that of Waspaloy. Of major significance, columbium is present 
in Inconel 718 but not in Waspaloy. This element has a marked influence 
on phase relations and hence on the microstructures and mechanical 
behavior. 

As part of an evaluation of various superalloys in sheet 
form for potential air frame skin applications Inconel 718 in three 
heat treated conditions was shown to exhibit time -dependent 
notch sensitivity at 1000° and 1200° F (538° and 649° C) (ref. 2). 
(Representative results from this investigation are included as Figures 
2 through 7). The research presently reported was designed to extend 
the scope of these results. Heat treatments were selected to provide 
a wide range of microstructural features. These were also expected to 
produce considerable variation in mechanical characteristics. Tensile 
and creep-rupture tests were carried out at temperatures from 900° to 
1200°F (482 - 649 °C) where severe time -dependent notch sensitivity 
can occur. Testing was also carried out at 1400°F (760°C) in order 
to provide a contrasting case where the notch sensitivity has not been 
observed. The microstructural features, particularly the dislocation 
motion mechanisms in the tested specimens, were evaluated. 
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EXPERIMENTAL DETAILS 
Materials 


The commercially produced Inconel 718 used in the investigation 
had the following reported composition (weight percent): 


Ni C 

Mn 

Fe 

S 

Si_ 

Cr _A1_ 

Ti 

53.97 0.05 

0. 12 

16. 50 

0. 007 

0. 22 

18.98 0.52 

1. 04 


Co 

Mo 

Cb 

B 




0. 05 

3. 15 

5. 25 

0. 002 



The material was received as 0. 030-inch (. 75mm) thick cold reduced 
sheet. Specimen blanks were cut in the longitudinal direction prior 
to heat treatment. 


Heat Treatment 

The heat treatments were designed to produce a wide range of 
microstructural features. The selection was based primarily on 
isothermal transformation diagrams reported for the alloy (ref. 3). 
The heat treatments were as follows: 


Solution Treatment Aging Treatment 


1 . 

10 hours 

at 

19 50° F (1066°C) 

+ 

48 hours 

at 

1 350°F (732°C) 

2. 

1 hour 

at 

19 50°F ( 1066°C) 

+ 

48 hours 

at 

1 350°F (732°C) 

3. 

1 hour 

at 

19 50°F ( 1066°C) 

+ 

2 hours 

at 

1 550 °F (843° C) 

4. 

1 hour 

at 

1950°F (1066°C) 

+ 

24 hours 

at 

1550°F (843°C) 

5. 

10 hours 

at 

1800°F ( 982°C) 

+ 

48 hours 

at 

1350°F (732°C) 

6. 

10 hours 

at 

1700°F ( 927°C) 

+ 

3 hours 

at 

1 325 °F ( 718 ° C) 

7. 

10 hours 

at 

1700°F ( 927°C) 

+ 

48 hours 

at 

1 350°F (732°C) 

8. 

1 hour 

at 

1700°F ( 927°C) 

+ 

3 hours 

at 

1 325 °F (718°C) 

9. 

1 hour 

at 

1700°F ( 9 27°C ) 

+ 

2 hours 

at 

1 550°F (843° C) 


The blanks were solution treated individually in an argon atmosphere 
and then air cooled. To prevent warping, the blanks were aged while 
clamped in a fixture in batches of 10 or 12. It should be noted that 
although the higher temperature exposures are referred throughout 
this paper as "solution treatments", the use of this designation does 
not necessarily signify complete solution of all constituent phases. 
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Testing Procedures 

The testing procedures used have been described in depth else- 
where (ref. 1). After heat treatment blanks were machined into smooth 
and sharp-edge (Kt>20) notched specimens (fig. 1). 

The tensile tests were conducted using a hydraulic tensile machine. 
Smooth specimens were tested at a strain rate of approximately 0. 01 
per minute up to about 2 percent deformation. The strain rate was 
then increased to about 0. 05 per minute until failure. Notched specimens 
were loaded at a rate of 1000 psi per second (6.9 MN/rri per second). 

The creep-rupture tests were conducted in beam loaded machines. 

The rupture times were recorded automatically. For both tensile 
and creep-rupture tests, recommended practices (ASTM-E21, E139) 
were followed in control of test temperatures and distributions. The 
extensions were measured by an optical extension system which has 
a sensitivity of five millionths of an inch (0. 125 pm). 

Structural Examination 

Conventional methods were employed for microstructural examina^ 
tion. Samples for optical microscopy and replica electron microscopy 
were etched electrolytically in "G" etch, an etchant developed by Bigelow 
et al (ref. 4). Samples approximately 0. 5 inches wide by 0. 7 inches 
long (1.3 x 1.8 cm) for transmission electron microscopy of the tested 
specimens were cut from the gauge lengths, ground on wet silicon 
carbide papers and electropolished. This was carried out at an applied 
voltage of 20 volts in conjunction with a chilled mixture of 8 3 percent 
methanol, 7. 5 percent sulphuric acid, 3 percent nitric acid, 4. 5 per- 
cent lactic acid and 2 percent hydrofluric acid. The thin films were 
studied and photomicrographed in a JEM electron microscope operated 
at 100 KV. 

X-ray diffraction analysis of extracted residues was used to 
identify the phases present in the as -heat treated materials. The residues 
were obtained by preferentially dissolving the matrix electroytically in 
a solution of 10 percent phosphoric acid in water. A platinum cathode 
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was used at 3-4 volts potential. The residues were washed with 
alcohol, dried and formed into thin wires using a Duco Cement 
binder. X-ray exposures were conducted in a 144.6mm diameter 
Debye camera using nickel-filtered copper ratiation (40KV, 16mA) 
for a period of four hours. The line positions were measured and 
the M d M values calculated. The results were then analyzed by com- 
parison with standard patterns available from the literature and from 
the files of the Joint Committee on Powder Diffraction Studies. 
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INFLUENCE OF HEAT TREATMENT ON THE MECHANICAL 

CHARACTERISTICS 


The results of tensile and creep rupture tests are presented in 
Tables 1 through 10. The rupture data are included as stress-rupture 
time curves and as parameter curves in Figures 8 through 25. The 
Larson-Miller parameter with C of 20 was used simply because it 
was an effective method of presenting the data. 

The heat treatment variations resulted in a wide range of mech- 
anical characteristics. In particular, the severity of the time -dependent 
notch sensitivity varied considerably with changes in both the solution 
and aging treatments. The results for the material heat treated 10 
hours at 1950°F (1066°C) plus 48 hours at 1350°F (732°C), provide 
an example of severe time -dependent notch sensitivity (table 2). At 
the shorter times at the lower test temperatures, the notched specimen 
rupture curves were somewhat below those for smooth specimens (figs. 

8, 9). The notched to smooth rupture strength ratios (N/S) were the 
same order as determined by tensile tests (table 2). At varying time 
periods, the notched specimen rupture curves exhibited drastic increases 
in steepness so that the N/S ratio decreased with time to values con- 
siderably below those obtained in tensile tests, i.e. the material ex- 
hibited time -dependent notch sensitivity. At intermediate temperatures, 
upward breaks in the rupture curve were evident. This resulted in an 
increase in the N/ S ratio or a decrease in notch sensitivity. The rupture 
strength ratio increased with increasing test temperature and longer 
rupture times, until, at the highest temperature a value of about 1. 0 
was obtained. 

In contrast to the above behavior, the results for the material 
heat treated 10 hours at 1700°F (927°C) plus 48 hours at 1350°F (732°C) 
are typical of the heat treated conditions that were not susceptible to 
time -dependent notch sensitivity (table 8, figs. 20, 21). The N/S 
rupture strength ratios were generally higher than those obtained in 
tensile tests. 

The types of characteristics described above were evident for the 
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other heat treated materials (figs. 10 through 19 and 22 through 25). 

The severity of the time -dependent notch sensitivity for the heat 
treated conditions studied, including those previously reported (ref. 2), 
are tabulated below. Ratings of 2 and 1 correspond to severe and limited 
time -dependent notch sensitivity respectively. Test conditions for 
which no time -dependent notch sensitivity was evident were rated 0. 

Test Temperature 





°F900 

1000 

1100 

1200 

1400 

Solution Treatment 


Aging Treatments *C482 

538 

59 3 

649 

760 

10 h. 

1950°F(1066°C) 

+ 

48 h. 1 350°F( 732°C) 

2 

2 

2 

2 

0 

1 h. 

1950°F(1066°C) 

+ 

48 h. 1 350°F( 732°C) 

2 

2 

2 

2 

0 



+ 

2 h. 1550°F(843°C) 

2 

2 

2 

1 

0 



+ 

24 h. 1550°F(843°C) 


0 

0 

? 

0 

10 h. 

1800°F(982°C) 

+ 

48 h. 1350°F(732°C) 

2 

2 

1 

? 

0 

10 h. 

1700°F(927°C) 

+ 

3 h. 1325°F(718°C) 

2 

1 

0 

0 

0 



+ 

48 h. 1350°F(732°C) 

0 

0 

0 

0 

0 

1 h. 

1700°F(927 C> C) 

+ 

3 h. 1325°F(718°C) 

2 

2 

? 

0 

0 



+ 

2 h. 1550°F(843°C) 


0 

0 

0 

0 

Cold Worked 20% 

+ 

"Multiple" 1* 


2 


2 


1 h. 

1950°F(1066°C) + 

"Multiple" 2 


2 


2 


1 h. 

1 750°F(954°C) 

+ 

"Multiple" 1 

2 

2 

1 

? 



♦"Multiple" 1 - 1325 °F( 7 18 °C )/8 h. , F. C. to 1 150°F(621 °C) in 10 h. , A. C. 
"Multiple" 2 - 1 350 °F( 732°C )/ 8 h. , F. C. to 1 200°F(649 °C) in 12 h. , A.C. 


The principal features evident were as follows: 

(1) Decreasing the solution temperature decreased the 
susceptibility to time -dependent notch sensitivity. 

(2) Increasing the severity of the aging treatment (increasing 
time and/or temperature) reduced the susceptibility to 
time -dependent notch sensitivity. 

(3) The materials with the commonly used "multiple" aging 
treatments exhibited time -dependent notch sensitivity. 

For all heat treated conditions, the rupture strengths decreased 
rapidly with increasing time and/or temperature for parameter values 
above about 37 (figs. 9, 11, 13, 15, 17, 19, 21, 23, and 25). Extensive 
use is made of Inconel 718 for"high temperaturd* applications for which 
the parameter values are relatively low. Under these conditions, the 
smooth specimen rupture strengths are high, however, severe time- 
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dependent notch sensitivity can occur. 

At low parameter values, the notched specimen rupture 
strengths were below those for smooth specimens. The rupture 
strengths for notched specimens varied considerably with heat 
treatment. Particularly important was whether or not the material 
exhibited time -dependent notch sensitivity. Those which did not had 
similar notched rupture strengths, while those which were notch 
sensitive had considerably lower strengths (fig. 26). It should also 
be noted that the commonly used "multiple 1 ' aging treatments, evaluated 
previously (fig. 2 through 7), resulted in lower notched rupture strengths 
than obtained for a number of the heat treatments used in the present 
investigation. This occurred even though the heat treatments used were 
not specifically designed to maximize the notched rupture strengths. 

The heat treatments studied did not result in a very wide range 
of smooth specimen tensile and creep-rupture strengths (table 1 
through 10). Differences in rupture strength from variations in 
solution and aging treatments can best be seen from comparison 
of the parameter curves, such are presented as Figures 27, 28 and 29. 

Rupture ductility has often been used to indicate the susceptibility 
of a material to notch sensitivity. Results reported for Waspaloy 
(ref. 1) indicated that no such relationship was generally applic- 
able. The same conclusion was drawn from analysis of the elongation 
and reduction of area values at rupture for Inconel 718 (tables 2 through 
10) . For both alloys, the results indicated that factors which contribute 
to ductility, rather than the ductility per se, control the time -dependent 
notch sensitivity. This was evident from analysis of the deformation- 
time characteristics (reported in a later section for Inconel 718). 



FRACTURE CHARACTERISTICS 


The fracture characteristics of Inconel 718 were similar to those 
established for Waspaloy (ref. 1). Consequently, this aspect is not re- 
ported in depth. Both smooth and notched rupture tested specimens 
failed by initiation and relatively slow growth of intergranular cracks 
(fig. 30) followed by transgranular fracture. The intergranular part of 
the fracture was perpendicular to the loading axis and was dark in color 
from oxidation. The remainder of the fracture was not appreciably dis- 
colored by oxidation and was a typical shear failure slanted through the 
thickness. This latter fracture occurred when the increase in stress 
on the load bearing area, due to growth of the intergranular crack, ex- 
ceeded that necessary to cause rapid shear. In consequence, the lengths 
of the intergranular cracks (expressed as a percentage of specimen width 
in tables 2 through 10) increased with decreasing test stress and thus 
with increasing test time. 

The creep deformation that occurred in the smooth specimens was 
relatively uniform throughout the gauge section. In contrast, the deforma- 
tion in the notched specimens was localized. Initially dimples (areas of 
severe deformation) formed at the base of the notches. Subsequently, 
intergranular cracks initiated in these regions (fig. 30). The dimples re- 
mained at the head of the cracks as they progressed across the specimens. 

Intergranular cracks were found in notched but not smooth specimen 
tests discontinued before rupture. This is in agreement with the crack 
growth rate studies reported for Waspaloy (ref. 1). These showed that 
visible cracks formed in notched specimens after about 60 percent of the 
rupture life. The life fraction was smaller than required for crack initia- 
tion in smooth specimens (greater than 95%). The results also showed 
that the occurrence of time -dependent notch sensitivity is due to more 
rapid initiation of intergranular cracks in notched than in smooth specimens. 
This was shown to be related to the relaxation by creep of stress concen- 
trations introduced by the presence of the edge -notche s. 
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STRESS RELAXATION 


Relaxation of stress concentrations can occur by "yielding" on 
loading (time -independent deformation) and by subsequent creep (time- 
dependent deformation). For notched specimen tests loaded above 
the approximate 0, 2 percent offset yield strengths (established by 
smooth specimens tests) no time-dependent notch sensitivity was 
observed (figs 8 through 25), This occurred since "yielding" on 
loading reduced the stresses across the specimens at the base of the 
notches to approximately the nominal stresses. 

For Waspaloy, time -dependent notch sensitivity occurred in 
notched specimens loaded below their yield strength, when tests of 
smooth specimens showed that small amounts of creep consumed 
large fractions of creep -rupture life (ref. 1). In other words, when 
the creep deformation necessary to relax stress concentrations 
caused excessive damage resulting in premature initiation of inter- 
granular cracks. The smooth specimen deformation characteristics 
of Inconel 718 were examined to determine whether a similar 
correlation existed. Iso-creep strain curves were constructed 
for each temperature on plots of life fraction versus test stress 
(figs. 31 through 39). These curves were derived for 0. 1 and 0. 2 
percent creep deformation (the order of deformation necessary to 
ensure relaxation of elastic stresses from the approximate yield 
stress to the nominal stresses.) The inclusion of curves for 0. 5, 1, 
and 2 percent creep strain aided establishment of the nature of the 
curves for lower strain. 

Again, a correlation was evident between the time -dependent 
notch sensitive behavior and the characteristics of the iso-creep 
strain curves. For the material solution treated 10 hours at 1950°F 
(1066°C) plus 48 hours at 1350°F (732°C), the life fractions for small 
amounts of creep strain at 1000°F (538°C) increased drastically as 
the test stress decreased (fig. 31). For notched tests loaded to 
normal stresses below about 110 ksi ( 758MN/ m^), the relaxation of the 
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stresses (from the approximate yield stress to the nominal) would 
consume considerable if not all of the creep -rupture life of the 
material at the base of the notch. Thus, as observed experimentally 
(figs. 8, 9), time -dependent notch sensitivity behavior would be 
expected. At 1 200 °F (649 0 C) {and presumably 1 100°F (59 3°C)} as 
the test stress decreased, the life fractions for 0. 1 and 0. 2 percent 
strain increased to relatively high levels and then subsequently de- 
creased. These results are consistent with the observed increase 
followed by a decrease in time -dependent notch sensitivity. At 
1400°F (760°C) the life fractions were at relatively low levels and 
no time -dependent notch sensitivity occurred. 

The results for the materials heat treated 10 hours at 1700°F 
(927°C) plus 48 hours at 1350°F (732°C) are in contrast to those 
presented above, (fig. 37). The life fractions for small amounts of 
creep strain remained at low levels for all test conditions. In 
accordance with this, no time -dependent notch sensitivity was ob- 
served (figs. 20, 21). 

Analysis of the data for the other heat treated materials showed 
similar correlations between the nature of the iso -creep strain 
curves (figs. 32 through 39) and the time -dependent notch sensitive 
behavior (figs. 10 through 25). 
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MICROSTRUCTURAL FEATURES CONTRIBUTING TO 
TIME -DEPENDENT NOTCH SENSITIVITY 


Many nickel-base superalloys (including Waspaloy) age 

harden by precipitation of an LI - ordered fee phase, Ni (Al, Ti), 

« 3 

called gamma prime. Inconel 718 differs in that age hardening 
occurs primarily due to precipitation of Ni^Cb(ref. 5). This 
phase, designated y M , has a DO - ordered bet structure. The 
v* phase is metastable so that it is replaced on thermal exposure 
by the (3 phase. This phase is also Ni^Cb, but it has a Cu^Ti - 
ordered orthorhombic structure. 

In the study of Waspaloy (ref. 1), a correlation was established 
between the dislocation motion mechanism operative and the time- 
dependent notch sensitivity. Dislocations sheared y' particles 
smaller than a critical size. Particles larger than the critical 
were by-passed by dislocations. The former mechanism pro- 
moted the deformation-characteristics that gave rise to the time - 
dependent notch sensitivity. The microstructural features of 
Inconel 718 were studied to determine whether a similar correla- 
tion occurred. 

Initially optical metallography, replica and transmission 
electron microscopy and X-ray diffraction studies were carried 
out for the as -heat treated materials. Subsequently, smooth 
specimens which had been creep-rupture tested were examined 
by transmission election microscopy. The specimens studied 
were selected from heat treatments exhibiting a range of time- 
dependent notch sensitive behavior. 

Original Microstructures 

Typical optical and electron micrographs are presented in 
Figures 40, 41 and 42. These together with the results of the 
X-ray diffraction studies (Table 11), were used to characterize 
the microstructural features in the as -heat treated materials. 

Increasing the time of solution treatment at 1950°F (1066°C) 
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from 1 to 10 hours resulted in a considerable increase in grain size. 
This reflects the absence of restraint or grain grovrth associated with 
large amounts of precipitate particles. Ti(C,N) is the only precipitate 

expected to be present at 1950°F (1066°C). Presumably, these 
are the large particles evident in the optical micrographs for the 
material aged 48 hours at 1350°F (732°C) after solution treatment 
at 1950°F (1066°C) (figs. 40a, b). X-ray diffraction of extracted 
residues indicated the presence of Cb, Ti(C, N), y' and/or* y " 
in these materials (Table XI). These latter phases were not 
readily resolvable by electron microscope replica techniques 
(fig. 41 a, b). In thin films, (fig. 42 a), the carbide particles 
observed were primarily present as "plate -like" grain boundary 
precipitates while the y 1 and/or y" were intragranular precipitates 
about 300 & in diameter. The presence of y" was demonstrated 
by an electron diffraction technique (ref. 6). The method uses a 
[100] diffraction pattern (fig. 43). Superlattice reflections of 
the form 1-1/ 2-0 are allowed for the bet y M phase but not for the 
fee y'. Thus, the occurrence of this reflection demonstrated that 
the heat treated material contained y". The presence of y 1 was 
inferred from subsequently reported metallographic observations 
for materials at higher temperatures. (In cases such as this, 
where the y' and the y n could not be distinguished visibly, the 
precipitate will be referred to as y'/y M - ) 

For the materials solution treated at 1950°F (1066°C) and 
aged 2 and 24 hours at 1550°F (843°C), the presence of y 1 and y M 
gave the optical micrographs a mottled appearance (fig. 40 c, d). 

The particles were large enough to be resolvable using replica 
techniques (fig. 41 c, d). The y 1 was present as spherical particles 


*The y' and y" phases are difficult to distinguish using X- 
ray diffraction. The M d M values are similar. Differences do 
occur in the superlattice reflections but these are not readily re- 
solvable (ref. 5). 
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with a relatively low volume fraction. The average size of the 

o O 

particles was about 450A and 1100 A for the 2 and 24 hour treat- 
ments respectively. The majority of the precipitate particles 
were plates of y" (precipitates coherently with the c-axis normal 
to the plane of the plates and along any of the three <11 0> fee 
directions - ref. 5). The approximate average thickness and length 
of the plates were respectively 200 A. and 1000 A for the 2 hour 
treatment and 500 A and 4000 A for the 24 hour treatment. 

X-ray diffraction indicated the presence of small amounts 
of p phase for the materials aged at 1550°F (843°C) after solution 
treatment at 1950°F (1066°C) (Table ll). In micrographs, this 
phase was evident as needles, predominately alongside grain 
boundaries (figs. 40 d, 41 d). The areas adjacent to grain 
boundaries and (3 precipitate particles were depleted of y u (fig. 

41 d). 

The majority of the precipitate present in the optical micro- 
graphs of the material heat treated 10 hours at 1800°F(982°C) 
plus 48 hours at 1350°F (732°C) was (3 phase (fig. 40 f). This 
phase formed during the 1800°F (982°C) solution treatment (fig. 

40 e). X-ray diffraction showed that the aged material also con- 
tained Cb, Ti(C, N), y 1 and/or y u . 

All of the materials solution treated at 1700°F (927°C) and 
aged contained Cb, Ti(C, N), y'/y M and the p phase (Table 11). 
Ni^Cb needles precipitated during the 1700°F (927°C) treatments 
(fig. 40 g, j). A much larger amount of p phase was present after 
the 10 hour exposure than the 1 hour treatment. Aging 3 hours at 
1325°F (718°C) or 48 hours at 1350°F (732°C) after solution treat- 
ment at 1700°F (927°C) resulted in y'/y" too small to be resolved 
using replica techniques (figs. 41 f, g). In thin films (figs. 42 b), 
resolution was also difficult because the y'/y" particles were only 
about 60 A and 200 A in diameter for the 1325°F (718°C) and 
1350°F (732°C) treatments, respectively. These particle sizes 
are smaller than those produced by similar aging treatments 
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after solution treatment at 1950°F (1066°C). This also occurred 
for the 2 hour at 1550°F (843°C) aging treatment (fig. 41 c, h). 

Microstructures of Tested Specimens 
Examination of tested specimens by transmission electron 
microscopy was carried out primarily to determine the dislocation 
structures present. The observations were made for selected 
heat treatments and test conditions. The dislocation arrange- 
ments were expected to be representative of all of the heat treat- 
ments used in the study. 

( 1 ) Material heat treated 1 hour at 1950°F (1066°C) plus 48 hours 
at I 350°F ( 732 0 C ) : 

For the specimen tested at 1100°F (593°C) {at 120 ksi (827MN/m^) 
ruptured in 1 . 4 hours} the most obvious feature was the {111} planar 
slip banding (fig. 44). This reflects shearing of the y'/y" coherent 
precipitates by dislocations (refs. 5, 7). Similar dislocation 
structures would be expected to occur in other specimens tested 
at temperatures low enough so that little or no growth or y'/y" 
occurs . 

It was evident from microstructures of the specimen tested 
at 1400°F (760°C) {at 30 ksi (207MN/m^) ruptured in 384 hours} that 
structural changes had occurred during the test exposure. Ni^Cb 
needles precipitated (fig. 45, 46) and the y 1 particles increased in 

o 

size to about 750 A. The y M also grew so that it was clearly re- 

o o 

solvable as plates approximately 500 A thick and 4000 A long. Contrast 
effects associated with coherency (ref. 8) were observed for both 
y 1 and y M precipitate particles (fig. 45 b, c). Because of the presence 
of large precipitates the deformation was homogeneous (fig. 46). 
Dislocations were observed entangled with the y n particles and in 
some cases forming loops around the y* . It must be assumed that 
in the early part of the test when the particles were small, the 
dislocations sheared the particles, i. e. the microstructure would 
have been similar to Figure 44. 
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The above observations are analogous to those reported for 
aspaloy(ref. 1), In this case, dislocations sheared y 1 particles 
nailer than a critical size. When the particles were larger than 
e critical, they were by-passed by dislocations. These mechan- 
ms resulted in localized and homogeneous deformation respectively. 

) Material heat treated 1 hour at 1950°F (1066°C) plus 2 hours at 
1550°F (843 °C ) 

The deformation that occurred for the specimen tested at 1100°F 

2 

93°C) {at 100 ksi (690 MN/m ) ruptured in 385 hours} was localized 
. slip bands (fig. 47a). Presumably, dislocations sheared the y' 
irticles (about 450 A in diameter) and also the y" (200 A thick and 
300 A long). The previously described results would indicate that 
rowth of the precipitates during higher temperature tests would 
luse the deformation to become homogeneous. 

One additional feature was evident from the study of the specimen 
;sted at 1100°F (593°C). In a number of micrographs, a fine precipitate 
ibout 70 A in diameter) was detected (fig. 47 b). Presumably, this 
> y'/y" that formed subsequent to the 1550°F (843°C) aging treatment 
nd developed during the test exposure. 

3) Material heat treated 1 hour at 1950°F (1066°C) plus 24 hours at 
1550°F (843°C) 

The y'/y n in the aged material was larger than "critical 11 size. 

iven in a low temperature test specimen{at 1000°F (538°C) and 115 ksi 

2 

7 9 3 MN/m ), ruptured in 1857 hours} the dislocations were homogeneously 
istributed (fig. 48). 

o 

A dispersion of y'/y" (about 100 A in diameter) was observed in 

2 

he specimen tested at 1100°F (593°C) {at 100 ksi (690 MN/m ) ruptured 
n 3528 hours}. This feature was similar to that described for the 
naterial aged 2 hours at 1550°F (843°C). 

4) Material heat treated 1 hour at 1700°F (927°C) plus 3 hours at 
1 325 °F ( 7 18 °C ) 

The deformation in the specimen tested at 1000°F (538°C) {at 130 
2 

:si (896 MN/m ) ruptured in 5613 hours } was localized (fig. 49 a). In 
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the majority of cases, the dislocations in pile-ups were dissociated 
to form stacking fault ribbons. This type of deformation was not 
expected because, in the presence of y’’, it requires coplanar motion 
of multiple dislocations. Four whole dislocations must move along 
the same plane to restore order for all three orientations of y” (ref. 7). 

(It should be noted that the presence of y” was confirmed by electron 
diffraction. ) 

Growth of y'/y” occurred during exposure of the specimen 
tested at 1200°F (649°C) {at 65 ksi (448 MN/m^) ruptured in 937 
hours}. As a result, the dislocations were homogeneously distributed 
(fig. 49b). The microstructures indicated that the dislocations bowed 

o 

between the y'/y” particles (about 250 A in diameter), leaving pinched 
off dislocation loops, i.e. the dislocations by-passed rather than 
sheared the particles. This was probably due to differences in the 
volume fraction of precipitate. Although not determined as part of 
the investigation, less y” was probably present for materials 
aged after solution treatment at 1700°F (927°C) than for those 
treated at higher temperatures, i.e. 1950°F (1066°C). This could 
be expected because precipitation of Ni^Cb needles during the 
1700°F (927°C) treatment must reduce the amount of Cb in solid 
solution available to form y during aging. Thus, the volume fraction 
of the y ! /y” precipitate was reduced, which should lower the '’critical’' 
size (ref. 9). Further research is necessary to clarify these effects. 

(5) Material heat treated 10 hours at 1700°F (927°C) plus 3 hours 
at 1 325°F ( 7 18 °C ) . 

Limited study of a specimen tested at 1000°F (538 °C) {at 130 

2 

ksi (896 MN/m ) ruptured in 391 hours} did not reveal any inconsistencies 
from the results described above for the material solution-treated 
1 hour at 1 700 °F (927°C) and aged at 1325°F (718°C). 
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(6) Material heat treated 10 hours at 1700°F (927°C) plus 48 hours 

at 1350°F (732°C) 

For the specimen tested at 1000°F (538°C) { at 120 ksi (827 MN/m 2 ) 
ruptured in 1382 hours} the deformation was homogeneous (fig. 50). This 
result demonstrated that the V / y" produced by the aging treatment (about 

o 

200 A in diameter) was larger than the "critical 11 size. 

Correlation of the Time -Dependent Notch Sensitivity 
with Microstructural Features 

The results indicate that a correlation exists between the pre- 
dominant dislocation mechanism and the time -dependent notch sensitivity. 
The relationship was the same as evident for Waspaloy (ref. 1). Shear- 
ing the precipitate particles by dislocations, resulted in greater suscepti- 
bility to time -dependent notch sensitivity than when they were by-passed. 
For the materials heat treated 1 hour at 1950°F (1066°C) plus 48 hours 
at 1 350°F ( 732°C), 1 hour at 1950°F (1066°C) plus 2 hours at 1550°F 
(843°C), 1 hour at 1700°F (927°C) plus 3 hours at 1325°F (718°C), 
and 10 hours at 1700°F (927°C) plus 3 hours at 1325°F (718°C), time 
dependent notch sensitivity was observed at the lower test temperatures. 
During these tests, the y'/\ M particles were sheared by dislocations 
and the deformation was localized. During the higher temperature 
tests, growth of the y" and y’ precipitates occurred. This resulted 
in a change of dislocation motion to "by-passing" so that a homogeneous 
distribution of dislocations resulted. This correlates with the elimina- 
tion of time -dependent notch sensitivity by increasing the test tempera- 
ture. 

For the materials heat treated 1 hour at 1950°F (1066°C) plus 
24 hours at 1 550°F(843° C) and 10 hours at 1700°F (927°C) plus 48 hours 
at 1350°F (732°C), the dislocations were homogeneously distributed 
and no time -dependent notch sensitivity was observed. 

There was no evidence to indicate that the other heat treated 
materials, for which tested specimens were not studied, would not 
follow the above correlation. 
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It is of interest to compare the behavior of materials with a 
given aging treatment, e. g. 48 jiours at 1350°F (732°C). The time- 
dependent notch sensitivity was severe for the material solution 
treated at 1950°F (1066°C). Decreasing the solution temperature 
to 1800°F (982°C) decreased the notch sensitivity, until for the 
1700°F (927°C) treatment, none was observed. This is consistent 
with the metallographic observation that the "critical" size decreased 
with decreasing solution temperature. As suggested previously, 
this probably occured, because lowering the solution temperature 
reduced the volume fraction of y'/y". This would also explain why 
the time dependent notch sensitivity of the material heat treated 
1 hour at 1700°F (927°C) plus 3 hours at 1325°F (718°C) was more 
severe, or occurred at higher test temperatures than for the 
material heat treated 10 hours at 1700°F (927°C) plus 3 hours at 
1 325 °F (718°C). 

Failure of both smooth and notched creep-rupture specimens 
occurred by relatively slow intergranular crack initiation and 
growth, followed by transgranular fracture. Consequently, factors 
which affect the intergranular crack initiation influence the rupture 
times and hence the time -dependent notch sensitive behavior. 
Intergranular crack initiation must be dependent on (a) the nature 
of intragranular deformation and (b) the metallurgical characteristics 
of the grain boundaries. The influence of variations in the grain 
boundary characteristics on the time -dependent notch sensitivity 
was not evident from the results. Nor was a relationship evident 
from the study of Waspaloy (ref. 1). In both cases, a correlation 
was evident between the dislocation mechanism and the time -dependent 
notch sensitive behavior. This would suggest that the influence of the 
y" and/or y' precipitates on the notch sensitivity overshadows effects 
from variations in grain boundary characteristics. 

Hardness Testing 

Increasing the particle size of y' and/or y" increases the critical 
resolved shear stress (CRSS) for dislocations motion until the particle 
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dimensions exceed a critical size, after which, further increase in 
size decreases the CRSS. Particles below the critical size are 
sheared by the dislocations, while larger particles are by-passed. 
Hardness values were obtained for a range of heat treated materials, 
including those used in the test program, to determine whether these 
values, by reflecting the CRSS, could be used to monitor the y' / y" size 
relative to the critical. The results (fig51 ) showed the following: 

(1) The hardness values for the material heat treated 1 hour at 
1950°F (1066°C) plus 24 hours at 1550°F (843°C) indicated 
that the y'/y" particles were larger than the critical size 
(fig. 51a). Correspondingly, no time -dependent notch 
sensitivity was observed. 

(2) From results for aging at 1325°F (718°F) and 1400°F (760°C) 
hardness values were estimated for aging at 1350°F (732°C). 
These indicated that aging 3 hours at 1350°F (732°C) after 

solution treatment 1 or 10 hours at 1700°F (927°C) resulted 
in y'/y n particles smaller than the critical size (fig. 51 b, e). 
In accordance with this, these materials exhibited time- 
dependent notch sensitivity. 

(3) For many heat treated materials, the hardness values 
indicated that the y'/y M sizes were near the critical. In 
these cases, it would not be possible to guarantee correct 
prediction of the time -dependent notch sensitive behavior. 
Certainly, for none of the heat treatments evaluated was there 
a case for which the hardness test results clearly indicated 
the incorrect notch sensitive behavior. 

(4) The aging time at which the maximum in hardness occurred 
at each temperature decreased as the solution temperature 
decreased. This corresponds to the observed decrease 

in ''critical size", 

(5) The results also indicate that solution treated material 
aged 8 hours atl325°F (718 °C) F. C. to 1150 °F 
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(621 °C) in 10 hours A.C. could be expected to be susceptible 
to time -dependent notch sensitivity. This is in agreement 
with previously published test results (ref. 2). 

Thus, the results indicate that hardness testing is a useful method 
for determining the likelihood of whether heat treatments will be 
susceptible to time -dependent notch sensitive behavior. 
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SUMMARY OF RESULTS 


A study was made of the time -dependent edge -notch sensitivity 
of 0.030 inch (. 75mm) Inconel 718 sheet. Consideration of the results 
led to the following: 

(1) Time -dependent notch sensitivity was observed at temperatures 
from 900 ° to 1200°F (482 - 649 °C). No reasons were evident 
why similar behavior could not be expected at prolonged time s 
at lower temperatures. Notched to smooth rupture strength 
ratios fell to as low as 0. 37. At 1400°F (760°C) ratios of 
about 1. 0 were obtained, i.e. no notch sensitivity was 
observed. 

(2) Both smooth and notched creep -rupture specimens failed by 
relatively slow intergranular crack initiation and growth 
followed by transgranular fracture. Time -dependent notch 
sensitivity was due to premature initiation of intergranular 
cracks. This was caused by localized creep deformation 
resulting from relaxation of the high stresses introduced by 
the presence of the edge -notches . 

Necessary conditions for time -dependent notch sensitivity 
were (i) the notched specimen loads had to be below the approx- 
imate 0. 2 percent smooth specimen offset yield strength; and 
(ii) test data from smooth specimens had to indicate that small 
amounts of creep used up large fractions of creep-rupture 
life. These observations are identical to those reported for 
Waspaloy (ref. 1). 

(3) The severity of the time -dependent notch sensitivity was de- 
pendent on the heat treatment. Decreasing the solution tempera- 
ture or increasing time and/or temper ature of the aging treat- 
ment decreased the susceptibility to the time -dependent notch 
sensitivity. No time -dependent notch sensitivity was observed 
for materials heat treated 10 hours at 1700°F (927°C) plus 48 
hours at 1350°F (732°C) and 1 hour at 1700°F (927°C) plus 2 
hours at 1550°F (843°C). 
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It should be noted that the commonly used aging treatments: 
1350°F (732°C)/8 hours, F. C. to 1200°F (649 °C) in 12 hours, A. C. 
{after solution treatment at 1950°F (1066°C)} and 1325°F (718°C)/ 

8 hours, F.C. to 1 150°F (621 °C) in 10 hours, A. C. {after solution 
treatment at 1750°F (954°C)} resulted in notch sensitive behavior. 

(4) The dislocation motion mechanism varied with heat treatment 
and test conditions. Dislocations sheared the bet Ni^Cb 
particles (and gamma prime) smaller than a "critical size". 

Larger particles were by-passed by dislocations. These gave 
rise to localized and homogeneous deformation respectively. 
Localized deformation increased the susceptibility to notch 
sensitivity. In consequence, a correlation existed between the 
occurrence of time -dependent notch sensitivity and the nature of 
the dislocation motion mechanism operative. 

Results indicated that room temperature hardness tests 
can be used to indicate particle size relative to the "critical". 

Similar relations were evident from the study of Waspaloy 
which differs in that it age hardens solely due to gamma prime, 

Ni^( Ti, Al) (ref. 1). For Inconel 718, although gamma prime 
is present, the principal strengthening phase is bet Ni^Cb. 
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TENSILE PROPERTIES OF 0. 030 INCH (. 75mm) THICK INCONEL 7 18 SHEET AT 
1000° AND 1 200“F ( 538° AND 649°C) 
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X-RAY DIFFRACTION DATA OF EXTRACTED RESIDUES OF INCONEL 718 IN THE HEAT TREATED CONDITIONS 
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Smooth (unnotched) Specimen (K t =l. 0) 


Pin Hole 



Sharp Edge Notched Specimen (Kj_>20) 


Figure 1. Types of test specimens (all dimensions in inches). 
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Figure 3. Time -temperature dependence of the rupture strengths of smooth and notched specimens of Inconel 718 cold worked and 20 
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at 19 5Q°F (1Q66°C) and aged. 




SMOOTH 





STRESS , 100MN/m 2 
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Figure 7. Time -temperature dependence of the rupture strengths of smooth and notched specimens of Inconel 718 sheet heat treated 1 hour 
at 1750° F (954 C C) and aged . 
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Figure 11. Time -temperature dependence of the rupture strengths of smooth and notched specimens of Inconel 718 sheet heat treated 1 hour at 1950° F 
( 1 0fe6°C) plus 48 hours at 1350 C F (732°C). 
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( I Q66 C C) plus 2 hours at 1550°F (843*C) . 
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STRESS , lOOMN/m* 



'igure 17. Time -temperature dependence of the rupture strengths of smooth and notched specimens of Inconel 718 sheet heat treated 10 hours at 1800°F<982°C) 
plus 48 hours at 1350°F (732°C). 
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STRESS 


100 MN/m 2 



Figure 19. Time -temperature dependence of the rupture strengths of smooth and notched specimens of Inconel 718 sheet heat treated 10 hours at 1700 
(927*C) plus 3 hours at 1325*F (718*C). 
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Figure 23. Time -temperature dependence of the rupture strengths of smooth and notched specimens of Inconel 718 sheet heat treated 1 hour at 1700 
(927*C) plus 3 hours at 1325*F (718»C). 
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Figure 25. 
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specimens of Inconel 7 18 in various heat treated 
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Time -temperature dependence of the rupture strengths at 900° to 1400°F(482 - 760°C) for smooth specimens of Inc 
treated conditions. 




(a) 


75x 



(b) 75 x 

Figure 30. Optical photomicrographs of notched specimens of Inconel 

718 polished to remove the oxidized surface layers. Micro- 
cracks in (a) are an early stage of crack initiation (heat 
treated 10 hours at 1800°F (982°C) plus 48 hours at 1350°F 
( 732°C), tested at 1100°F (593°C) at 60ksi (414MN/m 2 ), 
discontinued after 12,867 hours). The "through the thick- 
ness" crack in (b) is a late stage of crack growth (heat 

treated 10 hours at 1700°F (927°C) plus 48 hours at 1350°F 
(732 0 C), tested at 1000°F( 538°C) at 75ksi( 5 1 7MN/ m 2 ) , dis- 
continued after 7656 hours). 
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“igure 32. Iso-creep strain curves of life fraction versus stress at temperatures from 1000° to 1400°F (538 - 760°C) for Inconel 718 heat treated 1 hour at 1950° 
plus 48 hours at 1350°F (732*C ). Time -dependent notch sensitivity occurred under test conditions where large amounts of rupture life were utilized 
for small creep strains at test temperatures 1000°, 1100°, and 1200°F (538°, 593°, and 649°C). 








Figure 33. Iso-creep strain curves of life fraction versus stress at temperatures from 1000° to 1400*F (538 - 760°C) for Inconel 718 heat 

treated 1 hour at 121 21L < 106 6< C) plus 2 hours at 1S5Q-F (843"C). Time -dependent notch sensitivity occurred under test conditions 
were large amounts of rupture life were utilized for small creep strains at test temperatures 1000° and 1100*F (538* and 593°C) 
(and to a lesser extent at 1200° F) (649“ C). 
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‘igure 34. Iso-creep strain curves of life fraction versus stress at temperatures from 1000° to 1400° F (538 - 760°C) for Inconel 718 heat 
treated 1 hour at 1950°F (1066"C) plus 24 hours at 1550°F (843°C). For the test conditions evaluated (except possibly those at 
1200°F (649 °C)) , the life fractures utilized for small amounts of creep were relatively low and no-time dependent notch sensitivity 
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Figure 35. Iso-creep strain curves of life fraction versus stress at temperatures from 1000° to 1400°F (538 - 760°C) for Inconel 718 heat 
treated 10 hours at 1800°F (982°C) plus 48 hours at 1350°F (732°C) Time -dependent notch sensitivity occurred at '.000° and 
1100°F (538 and 593°C) under test conditions where the life fractions utilized for small amounts of creep were high. 







Iso-creep strain curves of life fraction versus stress at temperatures from 1000° to 1400°F (538 - 760°C) for Inconel 718 heat treated 10 hot 
l700 o F (927*C) plus 3 hours at 1325°F (718°C) . Time -dependent notch sensitivity occurred at 1000“F (538°C) for test conditions were large 
amounts of rupture life were utilized for small creep strains. 
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Figure 39. Iso-creep strain curves of life fraction versus stress at temperatures from 1000* to 1400°F (538 - 760*0 for Inconel 718 heat 
treated 1 hour at 1700*^ (927°C) plus 2 hours at 1550°F (843 C C). No time -dependent notch sensitivity was observed for all test 
conditions. The life fractions utilized for small amounts of creep were relatively low for all test conditions. 








10 hrs . at 1950°F (1066°C) 
plus 48 hrs. at 1 350°F(732°C) 


1 hr. at 1950°F ( 1066°C) 
plus 48 hrs. at 1350°F (732°C) 


1 hr. at 19 50°F ( 1066°C) 
plus 2 hrs. at 1550°F (843°C) 


1 hr. at 1950°F (1066°C) 
plus 24 hrs. at 1550 t> F(843°C) 


Optical photomicrographs of Inconel 718 sheet showing differences 
in microstructure induced by variations in heat treatment. (250x) 




(e) 10 hrs. at 1800°F (982°C) 
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(f) 10 hrs. at 1800°F (982°C) 

plus 48 hrs. at 1350°F (732°C) 



(g) 10 hrs. at 1700°F (927°C) (h) 10 hrs. at 1 700°F (9 27 “C 0 ) 

plus 3 hrs. at 1325°F (718°C) 


Figure 40. (Continued) (250x) 
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(i) 10 hrs. at 1700°F (927°C) 

plus 48 hrs. at 1350°F (732°C) 



(k) 1 hr. at 1700°F (927°C) 

plus 3 hrs. at 1325°F (718 °C) 



(j) 1 hr. at 1700°F (927°C) 



(1) 1 hr. at 1700°F (927°C) 

plus 2 hrs. at 1550°F (843°C) 


Figure 40. (Continued) (250x) 
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10 hrs. at 1950°F (1066°C) 
plus 48 hrs. at 1350°F (732°C) 














Figure 41. (Continued) (6000X) 





( b ) 1 hr. at 1700°F (927°C) plus 30, OOOx 

3 hr s . at 1325°F (718°C) 

Figure 42. Transmission electron micrographs of Inconel 718 in 

two heat treated conditions showing y' / y" size distributions. 


79 



Figure 43. 

Thin foil diffraction pattern. [lOOj matrix 
zone. The superlattice spots arise from 
with three orientations. 
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50, OOOx 


Figure 44. Thin-foil electron micrograph of Inconel 718, heat 

treated 1 hour at 1950 °F( 1 066 ° C ) plus 48 hours at 1350°F 
(732°C) and creep-rupture tested at 120ksi (827MN/m^) 
at 1 1 00° F ( 59 3°C ) ( raptured in 1 . 4 hours at 4. 2% elongation). 
Bands are evident that resulted from localized deformation. 
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65, 00 Ox (c) 


40, OOOx 


Optical and transmission electron micrographs of Inconel 718 heat treated 
1 hour at 1950°F ( 1 066°C) plus 48 hours at 1350°F (732°C) and creep rupture 
tested at 30ksi( 207MN/ m^) at 1 400 0 F( 760 ° C ) (ruptured in 384 hours at 2. 1% 
elongation). During the test exposure N^Cb precipitated and the y' and y M 
increased in size considerably. Contrast effects associated with coherent 
y' and y" are evident in (b) and (c). 





45, 00 Ox 


Thin-foil electron micrographs of Inconel 718 heat treated 
1 hour at 19 50 °F( 1 066 °C) plus 48 hours at 1350 o F(732°C) and 
creep-rupture tested at 30ksi( 207MN/ m2) at 1400°F(760°C). 


The deformation is homogeneous. Dislocation can be observed 
entangled with the y" precipitate and bowing between y' particles 
leaving "pinched off" dislocation loops. 





60 , 000 x 





(b) 30, OOOx 

Figure 48. Thin-foil electron micrographs of Inconel 718 heat treated 
1 hour at 1950°F (1066°C) plus 24 hours at 1550°F (843°C) 
and tested at 1 1 5ksi( 79 3MN/ m^) at 1000°F (538°C ) (rupture 
in 1857 hours at 10. 2% elongation). The deformation is 
homogeneous . 


60, OOOx 
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Transmission electron micrograph of Inconel 718 heat treated 
1 hour at 1 700° F(9 27 °C) plus 3 hours at 1 325 °F( 7 18 ° C) and 
creep rupture tested-(a) at 1 000 ° F( 5 38 ° C ) at 1 30ksi(896MN/m^) 
(ruptured in 5613 hours at 3. 5% elongation), (b) at 1200°F 
(649°C) at 65ksi(448MN/ m^) (ruptured in 937 hours at 3. 7% 
elongation). In the lower temperature test dislocations, extended 
to form stacking fault ribbons, sheared the y* / y" precipitates. 
During the higher temperature test exposure y* / V' growth 
occurred. In consequence, the deformation was homogeneous 

and the dislocations by-passed the precipitate particles. 
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1350°F (732°C) and c reep -rupture tested at 1000°F 


(538°C) at 120ksi (827MN/rm) (ruptured in 1382 hours 
at 5. 6% elongation). The deformation is homogeneous 
The dislocations can be observed bowing between pre- 
cipitate particles leaving ''pinched off" dislocation 
loops . 
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Figure 51. (continued) 
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